We draw a comparison between a solar energetic particle event associated with the release of a slow coronal mass ejection close to the sun, and the
energetic particle population produced in high current density field-aligned current structures associated with auroral phenomena in planetary magnetospheres. We suggest that this process is common in CME development and lift-off in the corona, and may account for the electron populations that generate Type III radio bursts, as well as for the prompt energetic ion and electron populations typically observed in interplanetary space.
1. Introduction:
Solar energetic particle events (SEPs) observed in interplanetary space have been associated both with flares and with coronal mass ejections (CMEs).
Broadly speaking, the acceleration of SEP energetic particles is often associated with one or both of two processes, reconnection and shocks, with reconnection generally describing the acceleration of particles in solar flares [e.g., Zharkova et a. (2011)] , and shock acceleration for the case of CME-driven shocks [Reames (1999) ; Melrose (2007) ]. While shock acceleration has been extensively modeled and is quite well understood [Krymsky, 1977; Axford et al. (1978) ; Bell (1978) ; Blandford and Ostriker (1978) ; Giacalone et al. (2012) ; Schwadron et al. (2015) ], the detailed processes by which reconnection accelerates ions and electrons to high energies (100's of keV to MeV) are rarely explicitly discussed. Rather, energetic particles are usually simply attributed to reconnection, without providing explicit processes by which the particles are accelerated (among some exceptions being Cairns et al. (2003) ; Drake et al. (2009) ; Zank et al. (2000) , Guo et al. (2019) , in which island collapse and Fermi-like processes are invoked).
Another acceleration mechanism has been invoked in an attempt to account for events with enhanced 3He/4He ratios, involving resonant acceleration by waves generated by outward streaming beams of energetic electrons [Temerin and Roth (1992) ; Roth and Temerin (1997) ]. This mechanism, though referred to in more recent literature (e.g., Reames (2015) , has not gained broad acceptance because of perceived deficiencies in explaining the associated heavy ion enrichment in the 3He-rich events.
Electrons accelerated in these events close to the sun have been definitively associated with Type III radio bursts [e.g., Reid and Ratcliffe (2014) ], in which beams of field-aligned electrons generate Langmuir waves that then mode convert to produce electromagnetic radiation at the local plasma frequency (fundamental) and at the second harmonic. Their time-frequency structure is directly linked with the traversal of the electron beam on open field lines through the decreasing plasma density from the chromosphere/low corona into the high corona and on into interplanetary space. A variant of these is attributed to field-aligned electrons trapped on closed loops, in which case the time-frequency structure folds back upon itself as the electron beam first gains altitude, then returns to the lower corona.
A second type of radio emission, Type II, is associated with particularly large and fast CMEs, and is attributed to electron acceleration in shock waves produced as these fast CMEs propagate through the corona and solar wind at velocities faster than the local fast magnetosonic speed. Such shocks also accelerate some solar wind ion populations to high energies, typically over a broader set of coronal foot point connections than is the case for the sources of the Type III event electrons. In this paper, we will focus on the particle population associated with Type III events and CMEs, not the shock-associated particles (although the former may sometimes provide seed particles for the latter).
Energetic ions are also often produced during the formation of relatively McComas et al., (2019) . The event is also described in considerable detail in a companion paper [Giacaloni et al. (2019) ] in this issue. Giacalone et al. (2019) discuss the time sequence, along with a proposed mechanism of acceleration of the energetic particles by a traveling pressure enhancement of a seed population in the solar wind plasma ahead of the rather slowly propagating CME. Giacalone et al. (2019) also go into the effects of transport on the timing and anisotropy of the energetic particle observations, and we will not repeat that analysis here.
Rather, we present complementary aspects of the data, emphasizing the composition and energy range of the energetic particles. We argue, based in part on the conclusion that it was unlikely that there was a well-positioned shock associated with this event, (see Rouillard et al. (2019) , this issue), that the event may be a good candidate for being produced by current-driven processes [as also suggested for downward accelerated electrons by Cairns et al. (2003) , and Haerendel (2017) ], possibly associated with the reconnection that must take place during and after the release of a CME, or simply driven by the relaxation of the region to a less stressed configuration of the corona after the release of the stressed fields and large mass carried away by the CME [e.g., Chen (2011) ]. becoming bi-directional inside the CME; d) solar wind density, with a strong enhancement inside the CME structure; e) solar wind velocity, showing just a modest enhancement in the flow velocity in the plasma leading the CME; (f), the three components (R radial, N north-south, and T east-west) plus the magnitude of the solar wind magnetic field with the signature of a CME passing over PSP at the beginning of DOY 315.
In Figure 1 we present an overview of the event, with measurements by the aforementioned instruments both for context, and to provide clues to the energetic particle acceleration process. Panel a) shows the energetic ions as measured using only their TOF (which permits us to measure particle velocities below the minimum needed to measure the particle energy in the EPI-Lo solid state detectors; the vast majority of these are protons, so we assume mass 1 in deriving the ion energy from the measured velocity). We also include small anisotropy plots, that show the relative intensity seen in each of the 80 EPI-Lo apertures that cover ~ ½ the sky in angular coverage.
Each anisotropy plot represents an hour average centered at the time in the ion spectrogram indicated by the pink vertical bar leading to the plot.
Similar plots can be found in Giacalone et al. (2019) , (this issue), where they are discussed in more detail and where inferences regarding the propagation of the particles from the low corona to PSP are drawn. The spectrogram in panel a) shows that the protons reach energies of at least several hundred keV at the leading edge of the event.
In b) the helium reaches energies over 1 MeV at the leading edge. The context measurements in panels c) through f) will not be discussed in detail here, as they are well covered for this same event in other papers in this issue (e.g., Korreck et al. (2019) ). The primary points that these context measurements illustrate are that 1) this is a relatively slow CME with no indication of a local shock; 2) the magnetic field is mostly radial prior to the arrival of the CME and the plasma just ahead of the CME; 3) the energetic particles are detected
primarily on the open magnetic field prior to the CME, and drop to much lower intensities and lower maximum energies inside the CME structure.
The CME signatures are quite interesting, exhibiting a change of magnetic polarity of the component N of magnetic field at 4:00 on day 316 possibly indicating passing through X-null point of a reconnecting current sheet.
Furthermore, there is a strong increase of T-magnetic component about the same time indicating a noticeable guiding field in this current sheet. These features are important to understanding the CME itself, and may be related to processes associated with particle acceleration. However, as indicated by the SWEAP pitch angle information in panel C, the field topology of the CME structure is mostly closed, and not a good candidate for the source of the energetic ions observed on open field lines almost a day earlier, the subject of our analysis in this paper. In Figure 2 we show an analysis of the velocity dispersion for ions (hydrogen) and helium measured just at the leading edge of the event, where the anisotropies are most beam-like and the particles are therefore presumed to be the least scattered among those propagating from their acceleration altitude. This analysis shows that the distance traveled by these particles from their source was greater than the 0.24 AU distance from PSP to the sun.
In Figures 2b and 2d Had we used the leading edge of the high energy portion of the observed event to fit the propagation delays for all the particles, the event would have fit a source acceleration profile more like that obtained in Giacalone et al. (2019) , that is, an injection over all energies together at a common injection time, early on November 11. Which approach is more representative of the true acceleration time profile is not important to the mechanism we will discuss below, but we include this alternate analysis to point out the ambiguity in this approach to trying to obtain the source acceleration time profile, and to point out that one's choice of which portion (in energy) of the leading edge to fit significantly affects the stage in the evolution of the CME to which one ascribes the acceleration process. If the approach employed here is applicable, either mechanism would have to be able to reproduce the gradual rise in peak energy. We now focus on the composition of the ions accelerated in this event, and the peak energies reached by each species. The event included ions typical of coronal plasma, and typical of SEP events. Those signals well above the EPI-Lo background for this very modest event included H, 4He, O, and Fe ( Figure   3 ). There is a hint of 3He measured, but with statistics insufficient to cite a 3He/4He ratio. The highest energies for which counts above background were measured increased as a function of particle mass (and probably with increasing charge state, although we have no measure of charge state with this instrumentation), with protons seen (in the TOF-only ion data) up to ~400 keV, 4He to ~1 MeV, O to ~2 -3 MeV, and Fe to ~8 MeV.
Discussion:
The composition is suggestive of an acceleration process operative in the corona at an altitude where the plasma is transitioning from collisional to non-collisional that depends on either charge state or mass, or both. Since many acceleration processes boil down at the most fundamental level to energy gained as a given charge passes through a potential difference, charge state is a natural parameter to examine for ordering the energy gained.
Typical charge states for the measured constituents for the solar wind are H = +1, 4He = +2, O = +6/7, Fe = +10/11/12. For impulsive SEPs the heavier ions tend toward higher charge states characteristic of higher temperatures in the source plasma (up to ~20 for iron) [Moebius et al. (1999) ; Popecki et al. (2002) ; Desai and Giacalone (2016) ]. In the following discussion we use the solar wind charge states (which are also close to those for energetic ions in gradual solar events), since there was no flare observed in the region where this CME originated. If we use 4He as the reference (since our signal to noise is better for 4He than it is for the other ions), and we use 1 MeV for the peak 4He energy, then we should expect ~500 keV for peak H energy, 3 MeV for peak O energy, and 5 to 6 MeV for peak Fe energy. The observed peak values fall very close these ranges.
In the case of TOFxE H, the EPI-Lo efficiency drops steeply for H above about 100 keV, so the lower maximum energy observed there may simply be a consequence of the signal being well below the one count level. However in the TOF-only ions, which should be dominated by protons, enhanced intensity was seen up to 400 keV. Thus, these observations are consistent with a process that involves charge dependent energization. The slightly higher than predicted energy reached by Fe may indicate slightly higher charge state for iron, ~ +16.
It has long been accepted that more than one mechanism must operate to energize ions in SEP events, primary among them being shock acceleration and reconnection, as well as wave-particle acceleration. Giacalone et al. (2019) favor a shock acceleration type of process for this event.
SEPs have typically been viewed as candidates for shock acceleration, and for many the spectra, propagation, and timing have been successfully associated with that mechanism.
In the case of this CME, Rouillard et al. (2019) (this issue) estimate that the CME regions magnetically connected to PSP do not appear to develop a shock during the entire CME propagation. Their calculations do suggest that a sub-critical shock (Ma<3) could have formed at the surface of the (idealized) CME flux rope at other longitudes, induced by the 3-D expansion of the CME in the frame of the solar wind. Particles may have been accelerated at that weak shock location (as posited in Giacalone et al., (2019) .
However it is not obvious that particles accelerated at a weak shock in that location would have found their way to the magnetic fields connected to PSP.
Our analysis of the timing of the dispersion observed indicates that the energization of the highest energy ions must have begun about 1500 UT on November 10 (day 314), well before the time of the appearance of the CME in the STEREO A/COR2 instrument at about 2000 UT on day 314, according to Giacalone et al., (2019) . The high anisotropy and the dispersion analysis ( Figure 2) indicating a source near the sun suggest that the ions had ready
access to topologically open magnetic field (connected with PSP) at the time of their energization, which was when the CME was still relatively close to the sun (below ~3 to 4 solar radii, Figure 1 of Giacalone et al. (2019) ).
As a CME forms and lifts off from the corona, topological changes are taking place in the coronal magnetic field surrounding it. The CME itself is often a magnetic configuration with considerable shear indicating the presence of strong currents, and reconnection is likely taking place in the thin current sheet behind the plasmoid or flux rope that forms the core of the CME, as well as possibly between the legs of the closed field draped over the flux rope and either open or closed field lines adjacent to those closed lines that are still rooted in the corona and chromosphere (e.g., Crooker et al., 2002) . These processes should also involve strong currents, both across the reconnection region, and diverted along the magnetic field where they flow as field-aligned currents back into the low corona, chromosphere and photosphere.
It is commonly assumed that field-aligned currents in the low corona can be This photospheric current pattern is not greatly altered during the CME growth and lift-off [ (Janvier et al. (2104) ], so these currents (those that map to the CME structure including the core flux rope and the reconnection current sheet that forms beneath it, and those connecting with the overarching loops that may be carried outward with the CME front) continue to flow as the CME lifts off.
Additional currents may also be generated by the CME lateral expansion, as A third source of field-aligned currents in the corona and transition to the solar wind are the field-aligned component of the currents that are required to support corotation of the plasma. PSP results (Kasper et al. (2019) show that corotation of the coronal/solar wind plasma continues much farther from the sun than pre-PSP modeling predicted. The solar wind plasma continues to include a corotation component as far out as 40 Rs. As has been shown repeatedly for planetary magnetospheres, the torques required to keep the radially transported plasma corotating or sub-corotating are transmitted by field-aligned currents from the foot-points of the magnetic field (in the ionosphere for Jupiter and Saturn, or in the photosphere for the sun) to the rotating plasma. This process transfers angular momentum from the sun or planet to the plasma (Hill 1979; Bagenal 2007) and the field-aligned currents are necessary for that transfer. So the entire corona will have a continuously driven set of field-aligned currents, whose magnitude will change depending on the rate at which angular momentum is being transferred.
Conditions that would lead to enhancement of the currents that make up this system would include an increase of either the mass of the plasma being accelerated radially, or the speed at which it is moving radially through the region that corotates or sub-corotates. Cleary the injection of a CME would involve an increase in the mass of the plasma, and frequently an increase in the speed as well. Such conditions would lead then not only to the creation of the current system discussed in Delannée et al. (2008) , but also to enhancements in the corotation enforcement field-aligned currents associated with this transfer of angular momentum into the radially accelerating solar wind.
Thus there are at least three reasons that one should expect field-aligned currents to be enhanced in association with the injection of a CME, which is just what would be required for the pressure cooker conditions to occur.
In planetary magnetospheres, strong field-aligned coupling currents are inescapable features both of sheared flows (for example in the cusp [e.g., Gorney et al., (1985) ], low latitude boundary layer or in drag-induced subcorotation flows [e.g., Cowley et al., (2008) ]), and of reconnection (substorms, plasmoid/flux-rope production, e.g. Artemyev et al., (2018) ).
These currents often drive the development of field-aligned potentials in the ionosphere-to-magnetosphere transition whereby the plasma electrons are accelerated in order to maintain the current with sufficiently few electrons that charge neutrality of the plasma is not violated.
The resultant anisoptropic energetic electrons drive instabilities and result in the growth of broadband extremely low frequency (BBELF) waves perpendicular to the magnetic field. These broadband waves cover a frequency range where they interact efficiently with the plasma ions by ion cyclotron resonance with the various species [e.g., Lynch et al., (2002) ; Jasperse (1998); Carlson et al., (1998) ], heating them in the direction perpendicular to the magnetic field.
In downward electric current regions, the electric potentials accelerate the electrons upward along the magnetic field, while the heated ions, which would otherwise quickly escape the region by virtue of the mirror force in the diverging magnetic configuration, are confined by the same potential so that they remain trapped in the wave field generated by the electrons and gain even more energy. Eventually, the ions gain sufficient energy perpendicular to the magnetic field that the mirror force becomes great enough to push the ions through the confining electric field force, and they then escape upward as energetic ion conics. This process can result in ions with considerably higher total energy than the potential drop confining them represents, since the energy parallel to the magnetic field that is required to overcome the electric potential will be much less than the perpendicular energy of the nearly 90 degree pitch angle ions. As they escape the wave heating region, they travel out into weaker and weaker magnetic field where their conic angles close and become nearly parallel to the magnetic field, so that at large altitudes they are seen to be streaming close to field-aligned.
In auroral processes at Earth, this mechanism results in perpendicularly heated ions with typical energies of a few keV [Gorney et al. (1985) , who coined the descriptor "Pressure Cooker" for this process; Lynch et al., Although the concept of the "Pressure Cooker" was originally investigated in Gorney et al. (1985) under the scenario of an electromagnetic ion cyclotron (EMIC) wave field providing the energization mechanism for the ion energization, most of the subsequent reference to the concept was applied in scenarios for which the wave field was observed to be broad band extremely low frequency electrostatic waves (BBELF waves). It was generally found that the more intense events exhibited BBELF waves, with EMIC wave events in the minority. Whereas the EMIC-associated events favored He+ heating, the BBELF waves heated all charged ion species, presumably because sufficient wave power was available at each species' gyration frequency provided that the ions were confined to that region long enough. In all of these cases the term "Pressure Cooker" was applied, based on the presence of the parallel electric potential that confined the ions to the wave region where they would continue to gain perpendicular energy until the mirror force was sufficient to overcome the electric potential. Jasperse (1998) published a kinetic model that reproduced the Gorney et al. (1985) observations quite well.
Although in Jasperse (1998) the BBELF waves were assumed to be present, they
were not produced within the model. This was not a particular liability, as the BBELFs were measured and known to be present, as was typical of such events [e.g., Lynch et al., (2002) ].
In the case of the solar corona, the parameters are somewhat different. Temerin and Roth (1992) explored the range of parameters in auroral plasmas compared with possible flare plasma conditions (their Table 1 ), and found that the auroral mechanism for (in their case EMIC) wave generation and ion resonant heating would likely work in the corona as well. However, nothing in their treatment precludes the development of BBELF waves, extending the ion heating to all species present. The coronal temperatures are much higher than those in ionospheres, producing much higher scale heights in the plasma at the altitude where this process would be expected to take place (above the collisional region, so that the field-aligned potentials freely accelerate the electrons). This may result in different electric potential structures, which could either increase or decrease the total potential drop, depending on the requirements for current density and the supply of electrons from the quasi-neutral plasma. However, it is quite likely that such structures can be generated, and if they are, then ion heating and escape is inevitable, in which case, even in the absence of a shock to accelerate the ions, energetic ions would still be produced.
Charge state dependence would be a natural consequence of this scenario. In the planetary auroral situation, where all of the ions are typically singly ionized, the various species all reach approximately the same peak energy, inconsistent with a process dependent on mass, but consistent with a process dependent on confinement by a potential. As in the auroral case, for a similar process in the corona the mirror energy required to overcome the confining potential should be proportional to the ion net charge, so that from a given altitude in what is undoubtedly an extended region of potential drop any higher charge state ions present would need to reach a higher perpendicular energy to overcome that potential, again proportional to the net charge. This is consistent with the observed energy dependence of the ions in this event.
In the auroral case, the electric field is typically distributed over a considerable distance in altitude, as a series of double layers with small potential drops across each individual double layer. As discussed above, in the auroral case direct measurement of the waves show a broadband distribution of waves, presumably able to accelerate ions with a broad range of charge/mass ratios as sufficient wave power would be present at each species' resonant frequency. This multiple-species response to the broadband waves is confirmed in that for Earth, the ion energization is independent of mass [Auroral Plasma Physics (2012), pp 125; Lund et al., (2001); and Lynch et al. (2002) , who also published wave spectra confirming the adequacy of the BBELF power], for Saturn the primary ion constituents are H + and H3 + (i.e., ionospheric), [Mitchell et al. (2009) ] and at Jupiter H+, O+, and S+ are accelerated [Clark et al. (2017) ]. The broadband wave field is likewise distributed in altitude, so that ions are heated over a broad altitude range.
In order to be observed, those at the lowest altitude in the potential structure must achieve the highest energies, since they must overcome the greatest total potential barrier. The electrons accelerated upward by the electric potential account for the (downward) electric current.
As Temerin and Roth (1992) suggested, it is quite likely that coronal conditions can support the same physics that takes place in the auroral downward current regions. They explored the effects of waves generated by streaming electrons on the ambient ion population, and concluded that ion heating should take place in the corona based on a similar mechanism.
However, their focus was on 3He enhancement, and they concentrated on resonant acceleration of 3He by EMIC waves. Furthermore, they did not consider the effect of the parallel electric field on confining the ions in the accelerating wave field. With these additional elements, and the broadband nature of the wave field, we find this (the pressure cooker mechanism) to be an attractive candidate for at least some of the SEP events produced during CME lift off, as well as possibly for flares (although in our case, no flare was observed). While we have no direct measurement of the BBELF waves, and for this event no measurement of the field-aligned electron beams, neither of these is surprising. We can't measure the BBELFs since we do not have measurements in the acceleration region and electrostatic waves will not propagate to PSP. It is not clear what behavior should be expected for the field-aligned electrons that should be produced in the event. At
Earth, Carlson et al. (1998) showed that the peak electron energy lay just below the minimum ion energy in the observed ion conics, and the ion energies extended well above the electron peak energy. On the other hand, at Saturn Mitchell et al. (2009) observed electron peak energies that exceeded the highest detected ion conic energies. These differences may reflect different parametric limits for the two locations. If the wave field generated by the electrons can efficiently accelerate the ions to energies much higher than the total potential drop that accelerates the electrons, then ions throughout the extended region of the potential structure should gain sufficient energy to overcome the potential, and the Earth-like scenario should play out. At Saturn, although the largest total potential drop as indicated by the peak electron energies is several hundred keV, the waves excited by the electrons appear only to efficiently accelerate ions to a few hundred keV/charge perpendicular energy, so only those ions accelerated in the upper reaches of the potential structure have sufficient mirror force to escape; those deeper in the structure would be heated, but do not reach energies sufficient to escape. So for the Saturn case the relationship between the maximum electron energy and the minimum ion energy as seen for the Earth case no longer holds.
A factor that could explain this limit on the peak ion energies attained at Saturn is the coherence length of the BBELF waves perpendicular to the magnetic field. Once the gyroradius of an ion exceeds the coherence length of the waves, the heating efficiency would drop quickly as the driving fields would no longer be resonant over the ion gyration diameter.
For the event discussed here, no electrons were observed above the detector backgrounds.
There are several possibilities for the absence of the electrons. 1) The electrons may have propagated beyond the spacecraft before PSP was magnetically connected with the coronal region from which the ions propagated; or, 2) the electrons may have been present, but only at energies below the minimum detection energy for the EPI-Lo SSDs (~40 keV); or, 3) energetic electrons may have been present only near zero degrees pitch angle, and the magnetic field may not have fallen within the FOV of any of the EPI-Lo apertures; or 4) since this is a weak event, even in the observed ions, and as our electron measurement is a single parameter measurement, the background for electrons is orders of magnitude higher than the background for the ion measurement and so electrons may be present, but not above the detector background. However, it should also be stated that there were no Type III bursts detected above the FIELDS instrument background, so any electron beams that may have been generated were likely very weak, and so unlikely to be detectable by EPI-Lo.
Investigation of these parameters in the corona remains for future work.
Since Type III bursts have been associated with electrons in the energy range of ~8 keV, it would be quite possible for Type III bursts to be generated without any electrons being detected above the 40 keV EPI-Lo energy threshold. If in this case the pressure cooker mechanism is responsible for the electron acceleration only to energies below the EPI-Lo 40 keV threshold, ions accelerated to considerably higher energies than the electron characteristic energy would still be expected (as is routinely the case at Earth). Since no Type III bursts were seen in this event, it is likely that either that electrons were not accelerated to energies as high as 8 keV, or that if they were, there were not sufficient numbers to produce Type III bursts above background.
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